Opened by ROBERT KNOX, M.D.
THE construction of the Coolidge tube is now familiar to all; it is therefore only necessary to describe the uses to which it may be put in radiography, radioscopy, and X-ray therapeutics, and to touch on a few practical points in its manipulation.
Considering firstly the use of the tube in radioscopy, it may be briefly dismissed with the remark that it possesses, amongst other advantages over other tubes, that of extreme adaptability, being readily adjusted to suit the requirements of the case under examination. It can be used continuously for long periods, without fear of damage, with the currents likely to be required for a prolonged screen examination. The experience gained in therapeutic work warrants the statement that a current of 4 ma. to 5 ma. can be continuously passed through the tube for many hours. This quantity of current should be ample for any screening examination. It is well, however, to issue a word of warning on behalf of the patient and of the operator. Both must be efficiently protected, and the radiologist must not forget to cut down the time of examination to the minimum lest in his enthusiasm he may damage his patient or himself.
In radiography the Coolidge tube will be found to possess advantages which at present can hardly be estimated accurately. But as time elapses and the use of the tube becomes more general, radiologists will find that in this tube they possess an instrument of precision far in advance of any previously produced. Its first great advantage is the ease with which it can be adjusted to conditions suitable for radiography of various parts. By regulating the heating current in the accessory circuit the tube can be arranged to give rays of varying penetrative power. Another advantage is its capacity for taking very large discharges from the secondary of the coil or transformer; these may be used for instantaneous exposures, or long exposures with heavy currents may be given. I consider it the ideal tube for single flash exposures-nearly all the radiographic results shown to-night were obtained with a high-tension transformer-but it is equally adaptable to a large or small coil outfit. In the latter case the inverse current must be as nearly as possible suppressed if the best results are to be obtained. In this respect the single impulse coil with its absence of inverse current will be very useful in work with the Coolidge tube. In order to show how the Coolidge tube may be manipulated in radiography, I have had a number of experiments carried out, the results of which I shall briefly describe to you. In passing, it may be well to point out that so far these experiments have been elementary in character, the object being to ascertain the best working conditions of the tube in radiography and radioscopy. From these observations it is possible to indicate the advantages of the new tube-no other tube would have given similar results in the time taken for these experiments. One tube only has been used for all the experiments shown, and it was frequently adjusted from a very soft condition to a moderately hard one in a few seconds. It is hoped that with more exhaustive experiments it may be possible to lay down definite rules for the production of particular results; in other words, it may soon be possible to standardize radiographic exposures, and it is also hoped that some real advance may be made in the vexed question of the measurement of X-ray dosage.
PARTICULARS OF EXPERIMENTS.
The slides which illustrate this part of the paper were all obtained from the dried femur. A penetration gauge was employed, consisting of a strip of aluminium 140 mm. long and 20 mm. wide, divided into seven squares, the first of which is 1 mm. thick, each of the others being twice the thickness of the preceding one, the seventh being made of a heavy metal equivalent to aluminium 64 mm. thick. In each of these squares small circular lead plugs are let in. The gauge when radiographed shows white spots on a dark ground, and the slides taken direct from the radiogram show black dots on a lighter ground. The lead plugs are inserted in numbers, 1 to 6; they have no relation to the thickness of the aluminium steps.
Development of the Slides.
In most of the radiograms shown, the exposures have all been made on one plate, or the plates have been developed all together; special mention is iuade in those cases where the plates have been developed separately.
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Knox: Discussion on the Coolidge Tube Experiment I. -Four plates were taken with different heating currents in the filament circuit, the regulator in the primary circuit remaining unaltered. An exposure of 5 sec. was given to each plate. The plates were developed in the same dish, each receiving the same time allowance. With a heating current of 4'42 amp. the tube was so soft that only an outline of the bone was obtained, the penetrometer recording one spot. The other three, with heating currents of 4 3 amp., 4'17 amp., and 4 amp. respectively, all gave good results, though the third and fourth were greatly over-developed. A second batch of four plates taken under the same conditions, but each developed separately, gave a good result in three of the plates, which were taken with heating currents of 4'3 amp., 4'17 amp., and 4 amp. The details of these experiments are as follows:- 
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Regulator in primary circuit constant. Time of exposure constant. Heating current varied; note the influence of heating current upon (a) primary current, and (b) secondary current through tube, resulting in a drop from 30 ma. to 5 ma. The spark-gap in these experiments was not taken into account. Its importance as an indication of the penetration will be shown later.
FIG. 2 (Experiment III).
Experiment II (penetration gauge, four exposures).-In this experinment the heating current was kept constant at 4 2 amp., the regulator in the primarv being moved so as to vary the current, and the time of exposure adjusted to keep the milliampere seconds constant. The slide shows the great increase of penetration with the harder rays. Experiment III.-The next experiment was carried out to show the effect of variations in the time of the exposure. The heating current was 4-2 amp., the milliamperes 24, and the approximate spark-gap 2j in.
The exposures given were 3 sec., 6 sec., 12 sec., and 24 sec. respectively. This resolved itself into an attempt to find the best exposure time under the existing conditions and need not be further discussed. It might be noted that eight times the length of exposure in D gives practically the same result as when 3 sec. is given in A. On the lower registers the penetration is greater with the longer exposure. Electro-Therapeutical Section Experniment IV.-This was carried out with the object of ascertaining the effect of varying the distance of the plate from the anticathode; the exposures given were approximately proportional to the square of the distance, and the resulting negatives were practically all similar. The details of the experiment are given as follows:- This experiment shows the difference in the spark-gap in the two sets, and the remarkable differences in the milliampere seconds exposure, varying from 71 ma. to 900 ma. sec. I This has also been pointed out by Mr. Schall in a paper recently read before the Rontgen Society. 
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Knox: Discussion on the Coolidge Tube Experiment VII.-It has been suggested that the Coolidge tube is not so good for radiographic work as an ordinary tube. To determine this point four radiograms were taken, two (A and B) with a Macalaster-Wiggin tube with a very sharp focus, and two (C and D) with the Coolidge tube used in the other experiments. The exposures were -the same in each, and the other factors were also equal. The result is shown in figs. 12, 13, 14 and 15. All four are good negatives. The two taken with the Macalaster-Wiggin tube are, if anything, the better plates, but they do not deimaonstrate any marked superiority. Experiment VIII ( fig. 16 ).-Meat about J in. thick, wrapped round bone above and below. 
1*
Experiment IX was a repetition of Experiment VIII with shorter times of exposure, the former being considerably over-exposed.
¢ -THE COOLIDGE TUBE IN THERAPEUTICS.
The Coolidge tube has been shown to be of proved utility in radiography, and if its reputation depended on that alone it would have amply substantiated the claims made for it, but it possesses still greater advantages when used in therapeutic work. To those of us who have been engaged in this work practically from its infancy, it is hardly too much to say that the Coolidge tube is by far the most efficient tube we have yet had the opportunity of using, and it would be difficult to conceive of any improvements which would be likely to make it more efficient. Within reasonable limits of safety, so far as the tube is concerned, it may be used for many hours daily, and at the end of the day still be able to continue its output of uniform radiations.
The following experiments were carried out with a view to ascertaining the best conditions for the working of the tube. Since the Coolidge tube has been used at the Cancer Hospital we have had three tubes; the following figures will show the working value: 2,228 doses -have been given in a period of several months, amounting in all to 114 Electro-Therapeutical Section 310 hours, at an average of 8 min. per dose; most of these were given through 3 mm. or 4 mm. of aluminium. Of the three tubes one was worn out after having been used for over 800 exposures; it was repaired at a cost of £20, the original price being £25. Taking the cost of the tube at £25, this works out at an average of 7id. per dose, not an excessive price to pay for a deep irradiation. During the time these tubes were in use two other tubes were damaged, but this was the result of accident incidental to all tuibes, and the damage was not done while the tubes were actually at work.
APPARATUS.
The apparatus used in the experiments consisted of (1) High-tension Transformer.
(2) Large Induction Coil. -Spark-gap estimated at over 20 in. This was used in all its combinations-namely, one-, two-, and threepoint electrolytic interrupter, three windings of primary, and in various, combinations of these factors. The mercury interrupter was also tried with the three primary windings.
(3) Small Coil.-Sixteen-inch spark-gap specially constructed for therapeutic work. A mercury jet break was used. It was worked with coal gas as the dielectric.
The high-tension transformer in its present condition was quickly ruled out of the experiments, it being found that for ordinary therapeutic work the coil outfit was by far the most efficient and economical.
The best all-round conditions were obtained with: (a) The large coil, working on No. 1 primary, and the two-point electrolytic interrupter; (b) the small coil, with the mercury interrupter.
The conditions under which the large coil was worked were: Heating current, 3.95 amp.; amperes in primary, 6; spark-gap, 7.5 in.; milliamperes, 6; time, 4 min. to produce a pastille dose at 10 in. from. the anticathode of the tuibe.
The Small Coil (16-in. spark-gap). -Heating current, 4 amp.; primary current, 4 amp.; milliamperes, 4; spark-gap, 9 in.; time,. 4 min. to produce 10 X or tint B. The interrupter was worked at its lowest speed.
This was found to be the best average condition for therapeutic work, and is the arrangement we generally use with the Coolidge tube. There are variations from this which can be obtained for special occasions; the length of the spark-gap can be increased. This might 115 116 Knox: Discussion on the Coolidge Tube be done with a numnber of variations in the apparatus. The longest spark-gap obtained was 13'25 in. This was obtained with the large coil, working on No. 3 primary, and the mercury interrupter, with 7 amp. primary current and 08 ma. in the secondary. The heating current was 3 5 amp.
Time factor in dosage: Working at a distance of 10 in. from the anticathode, the shortest time in which a pastille dose could be obtained was 21 min. This was done in two combinations of apparatus, Heating Current.-The range employed in the large number of experiments varied fromn 3 2 amp. to 4 amp. in all possible combinations at our disposal, and in the endeavour to find out the best working conditions a large number of experiments were carried out. The results obtained are charted on a scaled paper, but I shall only refer to it, as it is much too intricate and at the present time too unstable to allow of any definite statements. The charts on the wall will give some idea of the amount of time which has been spent on these investigations, which are still in the initial stage and which, when completed, may produce some useful data upon which to base our future work. Caulfeild and Mr. Westlake at the Cancer Hospital. In order to explain the manner in which the results have been obtained, it will be necessary to describe briefly the apparatus employed.
In passing it will be well to point out that the apparatus is at present in the experimental stage; but that as time elapses and experience dictates the future form which this instrument may take it will be modified; the underlying principles which led to its construction will, however, remain unchanged.
The experiments conducted so far have been made in order to ascertain the best method of using the new apparatus. The employment of X-rays for the localization of foreign bodies directed our thoughts to the practicability of employing the central ray of the focus tube in therapeutics, the object being to direct the ray to a definite spot in the interior of the body. The principles employed in localization are quite applicable to the perfection of a technique for therapy, and rules found to be of value in the former are equally applicable to the latter. The principle on which the tube-stand is based i6 that of the simple rotation of the tube over the part to be irradiated, the beam of rays emerging from the aperture in the tube box being projected into the interior of the body at an angle which can be determined beforehand. The result of this angular projection of the sheaf of rays when the tube box is rotated is to describe a circle upon the skin surface; proceeding from this circle the converging rays meet at a point X; at this point the rays cross -to diverge, and to emerge from or to be absorbed by the tissues beyond the focus point. The central ray is ascertained, the tube fixed to the stand, and by mechanical adjustments the rays may be projected into the interior of the body with an accuracy which is as surprising as its projection is simple. Moreover, the rays can be centred at any point and at any depth from the surface.
Knox: Discussiotn on the Coolidge Tube MITechanical Details of the Apparatus.
The machine consists of a vertical bar, with a bar B bolted horizontally across its lower end forming an inverted T. This 1 is slung by a hook from the ball-bearing C, through which passes the shank of the eye into which the hook fits. The shank carries the pulley D, which is rotated by a belt from the clock E. A carrier F slides along one end of the arm B. This carrier carries the tube box G slung from the axis W. A weight H slides along the other end of arm B in order to balance the weight of the tube box at any angle or distance from the centre A. A winch K raises or lowers the tube box. The carrier F has a scale of degrees showing the angle to which G is tilted. The bar B is scaled to show the distance the axis W is from the centre A. An insulated brass circle L is carried on the bar A and serves to collect the high-tension current from the spring M which is attached to the frame of the apparatus. When using a Cbolidge tube another brass circle is fitted at P. L is connected to one end of the tube. The.other hightension terminal is at N, a spring which makes contact with the shank of the main eye-bolt, which is connected electrically to the other end of the tube. An apparatus for finding the direction of the ray is provided with equivalent scales to enable the main apparatus to be set to any required angle.
In its present form the apparatus is not quite accurate in its adjustments; the following diagrams explain the degrees of error which may occur if care is not exercised to adjust it accurately. This is shown in the two diagrams thrown on the screen, and need not be described in detail.
Vertical Error. -Let AO0 be the vertical arm, OP the plumb-line. If AO is not vertical it will assume position AX. The horizontal bar will then be at XC. The tube box is at a constant angle, 45°. If AO P is vertical the pencil of rays B M will strike at M. When AXC is the position of the bar, the same pencil of rays will strike the plumb-iine which now hangs from X at point F, and the position of the ray on a skin plate at KM will be K instead of M. Circles on the skin plate would be larger than estimated by the length KM (as estimated on the drawing). these two errors are additive there would be a total angular difference of 1i'-i.e.., with a focus point adjusted at 35" below the horizontal, the actual focus point might be at 36Y", the angle of the tube being 28j0 120 Electro-Therapeutical Section instead of 30°. A skin plate at 30" below the horizontal would have its circle 341 larger or -smaller than the estimate.
The following experiment illustrated in fig. 27 explains the method of demonstrating the action of the rotating tube: The tube is set at an angle of 321', the skin surface is 14i in. from the anticathode, the focus point is at 261 in. from the anticathode. Fig. 27 represents photographic records taken with this setting, and shows three surface circles, with the rays converging to the same focus on a plate underneath and at right angles to the surface plate. The plates remained in the same position during the threb exposures.
In another experiment the anticathode was set at 13i in. from the skin; the plate representing the tumour to be treated was 19 in. from the anticathode, this being the area of maximum irradiation, the size of the circle being 51 in. mean diameter. It las found that the tumour plate received a dose of 151 X, while any measured portion of the skin plate received 12 X. The total time taken to procure the 151 X was 192 min. The relative proportion of tumour dose-to skin dose was 12'5 to 1. The dose was given from a moderately soft tube and no filters were used. It will be shown later that the proportion of focal dose to surface dose varies considerably when the radiations pass through tissues.
In experiments conducted to ascertain the percentage of radiation absorbed by the tissues, beef-steak was employed. The actual time taken to produce these results may be greatly shortened when harder tubes are used and larger outputs from the generator utilized, but it is reasonable to expect that the relative proportions of dosage indicated will be maintained.
The description explains fully the mechanical features of the apparatus. These are susceptible of several improvements, which will be added as experience in its use teaches their necessity: The advantages claimed for this therapeutic localizer are: (1) Accuracy of application. To show method of placing plates. Let A B C D, E F H K be two parallel planes and L M N 0 a plane vertical to them. Let the centre of rotation Y pass through the plane L M N 0. Let X be any pencil of rays proceeding from an anticathode X, the tube being fixed at a constant angle to, and rotating round the centre of rotation, Y. Then the rotating ray X will describe the circle shown on the plane A B C D. The rays from opposite points in the circle of rotation will converge at X and diverge beyond it to describe the circle drawn on the plane E F H K. the dose primarily given.
(3) The radiations can be varied in depth and latitude in order to influence all portions of a growth; if desired, the focus point can be fixed in front of, or behind, or at the centre of the growth. (4) By changing the size of the circle two or more doses can be directed to the centre of the growth (see figs. 27 and 28). A centrally situated growth can be approached from all aspects of the body and the maximum dose administered on a point selected beforehand. Thus, a tumour of the mediastinum may be treated from four aspects with accuracy at any depth from the skin surface. By changing the focus point the whole area of the tumour can be irradiated to the necessary extent, the surrounding tissues receiving also an estimated dose. By this method it is also approximately possible to estimate the dosage received by the tumour. The dose on the skin is estimated in the usual way. The chief field of action of the rotating tube will be in the treatment of deep-seated disease. . It will be possible to attack a growth from all aspects, and to administer at will a maximum dose to selected areas of the growth. Given suitable tubes of great penetrative power, it should be possible to produce effects similar to those obtained when a radium tube is buried in the substance of a growth. It is not intended to suggest that X-rays should take the place of radium; both are useful, and the one may be used to supplement the other. In many cases of new growths it is impossible to place a radium tube in their substance, and when radiations from the skin surface obtained from radium alone are quite ineffectual. In these cases the X-rays may be projected into the new growth from several aspects, the tumour receiving a dose of sufficient activity to produce therapeiitic effects. The new method will enable us to reach tumours in any part of the body.
It was found experimentally that the sheaf of rays from the X-ray tube could be directed to any part and at any angle within the structural limits of the apparatus. The tube stand was constructed to carry a Coolidge tube, and the following experiments were carried out. UIhe chief object of these was to determine-the relative proportion of radiations administered at the skin surface and upon a point 4 in. from the skin. The investigations therefore took the form of:-(a) A comparison between the filtered and the unfiltered ray through air and through beef.
(b) A comparison between the action of the radiations from a fixed tube and a rotating tube, through (i) air, and through (ii) beef. In each set of experiments a filtered and an unfiltered ray was employed.
(c) In the course of these experiments several interesting points were observed in relation to the absorption power of tissues upon radiations, filtered and unfiltered, with the fixed and rotating tubes. These can only be briefly referred to here, but the experiments are being followed, and may later be communicated. A general observation was obtained which may have a definite significance-namely, all radiations, filtered or unfiltered, through air or beef, with fixed or rotating tube, with a short 6r a long exposure, and in all degrees of *hardness, converge on the charted drawing to a common level, between the second and third inches from the surface, 14 in. or 15 in. from the target of the tube.
Proportion of skin dose to focus dose with rotating tube: No filter, 1 to 13; 3 mm. filter, 1 to 12. Through beef, 4 in. thick: Without a filter, 3 to 4; with a 3 mm. filter, 1 to 2.
The value of the Coolidge tube in therapeutic work was amply demonstrated, the tube being in action for hours on end and showing only the slightest variations.
METHOD OF ESTIMATION OF THE DOSAGE.
A slow-contact Wellington bromide paper, quarter-plate size, was used. A standard scale was prepared, based on the time taken to change a Sabouraud pastille from the A to the B tint, ten graduations of colour being obtained. The same make of paper was used and the same strength of developer employed for the development of the strips used in the experiments; the same developer was used for each set of experiments. The accuracy of this method of measurement is open to question, but as the results are experimental and comparative only, the errors common to the method will apply to all the experiments, and should in no way prejudice the comparative results. A small hole,~l in. in diameter, cut in a thick sheet of lead was used as a diaphragm in all the experiments (rotating). The distance from the-target to the diaphragm was 6 in., from the target to the skin, 12 in., and to the focus point 16 in. An e7xception was made to this measurement in the experiment of the penetration through beef with the fixed tube. All the experiments were carried out with the Coolidge tube. A 16 in. coil with a mercury break was used in the majority of the cases, a hightension transformer being employed in a few. On account of the variations between the two types of apparatus it was thought better to use a coil outfit for all. The differences between the two, the heating 125 126 Knox: Discussion on the Coolidge Tube effect of the transformer on the tube, and the lesser output of hard rays when compared with those from the coil gave data which, when completed, may form the basis of another communication. It is sufficient for the present to state that the practical conclusion arrived at from these comparisons was, that for general value the coil is, far and away more efficient for deep therapeutic work; it gives a more penetrating ray at the cost of much less primary current and with a smaller milliamperage. The coil was a 16-in. one,-especially wound fot therapeutic work, the break was a large mercury jet one with gas dielectric. The conditions under which the coil and tube were worked are given with each set of experiments. Ten 5-min. runs; total exposure, 60 min. exposure, 50 min.
Four pieces of beef 1 in. thick; paper on top and between each piece of beef; one paper at lowest level, 4 in.
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In the experiments with the fixed tube, the diaphragm had a larger opening, a 2-in. hole being used. The distances were the same as in the experiments with the rotating tube, with the exception already mentioned. If the larger opening had been used in the rotating experiments, the readings at the skin level would have been slightly higher, as the same strip of paper would have been exposed to the radiations for a somewhat longer period. This point will be experimentally dealt with at a later date. The curves representing the filtered and unfiltered rays come to the same value 2 in. from the skin, and follow each other down to the beginning of the fourth inch, where the filtered ray has rather less value than the unfiltered rays. This showing may be the result of a slight experimental error. The unfiltered skin dose is 2x40 X; focus dose, 7 X in 60 min. The filtered skin dose is 100 X; focus dose, 5 X in 50 min. The distance from the Coolidge target, 10 in., 11 in., 12 in., 13 in., and 14 in. The results obtained are shown in the charts. beef, 12 in. to 13 in., and 14 in. to 15 in., and 16 in. from target. Soft tube: amperes, 4'5; milliamperes, 4; beat, 3'8; spark, 6. Medium hard tube: amperes, 5; milliamperes, [4] [5] heat, 3'3; spark, 8. This experiment is not charted separately, but is given on several of the other tables. The dose on the skin paper, however, was 118 as against 161. In the experiments through air with the filtered and unfiltered rays the time taken to produce much more intense effects was much less, but it took twice as long to produce the same result at 4 in. with the filtered rays, the skin dose with the filtered ray being much less.
COMPARATIVE RESULTS OF FILTERED AND UNFILTERED RAYS FROM THE FixED TUBE THROUGH BEEF AND AIR.
Fixed tube, Beef and Air-no filter; 3 mm. filter; 12 in., 13 in., 14 in., 15 in., 16 in. The chief result in this comparison is the diminution of the skin dose when the rotating tube is used; in the unfiltered radiation it is 161 against 15 (10 against 1), in the filtered, 118 against 5 (40 against 1); whilst the focal dose is 1 to 4 in the unfiltered, and 1 to 2 in the filtered. Filtered and unfiltered curves nearly the same. Absorption of most of the rays is due to the beef. Curves obtained with rotating tube through beef all drop in the last inch. This is not due to faulty colour estimation as it occurred in three separate experiments, even after adjusting the apparatus. In conclusion, I wish to express my thanks to Mr. St. George Caulfeild for the valuable help he has given me in constructing the rotating tube-stand, and to both Mr. Caulfeild and Mr. Westlake for the trouble they have taken in conducting these experiments. My thanks are also due to Mr. C. E. Holland, M.A., for the help he has given nme in the preparation of the radiographic part of this paper, and especially for the lantern slides of the radiograms which he has made. I in radiography and X-ray therapeutics. The experiments dealt with in this paper could have been carried out with no other tube in present use. The advent of the Coolidge tube has opened up m-any interesting fields of experimental research, and it is my hope that members of this Section will combine in an endeavour to standardize X-ray exposures and therapeutic dosage, possibilities which the new tube seems to justify.
Sir JAMES MACKENZIE DAVIDSON.
I do not know that I can contribute much to this discussion, because I had an unfortunate experience with my Coolidge tube. I got one of the early ones, and it punctured almost immediately, and had to be sent back to Amierica, and I only got it back a little time ago. To-night I propose to show you some photographs of the tube which have surprised me, and I thought they might interest the members of this Section.
The tube was placed on a stand, and the pin-hole was made through a sheet of lead. The diameter was 2 mm., and it was punctured with a needle 2 mm. in diameter, and with a rymer at each side of the plate it was rymed down, so that the pin-hole was at the end of two openings. That could be put into any desired position. The plate -was put as a lid on a lead box, so that no scattered rays affected the plate.
Here is a pin-hole photograph, and you will see that a large amount of rays is given off from the whole target. That accounts for the lack of sharpness in some of the photographs which I have taken with this tube: this tube gives off X-rays right to the very stem of the target. X-rays are given off from the back as well as the front. I cannot explain that, but such is the fact. With a 20-min. exposure you see just an indication of the glass. The glass gives off X-rays very feebly. With the ordinary tube the rays do not spread on the target, but the glass of it gives off a good many more X-rays than does the Coolidge tube as can be seen in this pin-hole photograph on the screen. I wanted to see whether the scattered rays on the target stem were easily stopped, therefore I covered a plate with tin-foil before taking the photograph. The rays were merely a little weakened, otherwise they passed through the pin-hole. I show you a representation of the pinhole photographs which you can see stereoscopically.
The use of the Coolidge tube is somewhat dangerous unless the
